The Escherichia coli RecA protein triggers both DNA repair and mutagenesis in a process known as the SOS response. The 81-residue E. coli protein DinI inhibits activity of RecA in vivo. The solution structure of DinI has been determined by multidimensional triple resonance NMR spectroscopy, using restraints derived from two sets of residual dipolar couplings, obtained in bicelle and phage media, supplemented with J couplings and a moderate number of NOE restraints. DinI has an a0b fold comprised of a three-stranded b-sheet and two a-helices. The b-sheet topology is unusual: the central strand is flanked by a parallel and an antiparallel strand and the sheet is remarkably flat. The structure of DinI shows that six negatively charged Glu and Asp residues on DinI's kinked C-terminal a-helix form an extended, negatively charged ridge. We propose that this ridge mimics the electrostatic character of the DNA phospodiester backbone, thereby enabling DinI to compete with single-stranded DNA for RecA binding. Biochemical data confirm that DinI is able to displace ssDNA from RecA.
Maintaining a stable genome is essential for the survival of an organism. For this reason, it is critical that an organism possesses some mechanism that repairs DNA damage. DNA damage prevents replication by DNA polymerases, resulting in the formation of single-stranded DNA~ssDNA!. In Escherichia coli, binding of the RecA protein to ssDNA induces a DNA repair process known as the SOS response~Friedberg et al., 1995!. Once RecA binds to ssDNA, the ssDNA-RecA cofilament acts as a coprotease, promoting the autocleavage of the LexA repressor. This cleavage event inactivates LexA, resulting in the expression of the 30 or so proteins that are the constituents of the SOS response. Faithful repair, that is, repair without introducing mutations, is a result of recombinational repair mediated by RecA and other proteins in the SOS response~Cox, 2000!. If these error free processes fail to repair the damage, additional SOS proteins activate so-called translesion DNA synthesis, which enables DNA replication to proceed even at damaged sites~Walker, 1998!. This error-prone process is referred to as SOS mutagenesis, because mutations arise by the incorporation of random bases. SOS mutagenesis is also induced by the coprotease activity of the ssDNA-RecA cofilament, because one of the proteins involved in this process, UmuD, is active only after RecAmediated autocleavage~Shinagawa et al., 1988!. Clearly, the coprotease activity of ssDNA-RecA cofilament plays a pivotal role in inducing DNA repair and mutagenesis.
One of the SOS proteins synthesized upon inactivation of LexA is a small 81-residue protein known as DinI, which inhibits the coprotease activity of RecA~Yasuda et al., 1998 !. When DinI is overexpressed, stimulation of the SOS response by mitomycin C and autocleavage of LexA and UmuD are blunted in vivo~Yasuda et al., 1998!. The mechanism of how DinI down regulates the SOS response was not determined. However, recent biochemical data indicate that DinI can prevent ssDNA binding to RecA and can even displace ssDNA from ssDNA-RecA cofilaments~O.N. Voloshin, B.E. Ramirez, A. Bax, & R.D. Camerini-Otero, in prep.!. We have determined the solution structure of DinI in an effort to understand the mechanism through which it inhibits RecA coprotease activity. Although conventional multidimensional NMR is adequate to define the structure of a small protein such as DinI at an adequate level of resolution, the present structure determination relied primarily on structural restraints derived from residual dipolar couplings, measured in two liquid crystalline media. Dipolar couplings have been shown to significantly improve the accuracy of structures determined by NMR, as exemplified by an increase of the number of residues that lie in the most-favored regions of the Ramachandran plot~Tjandra et al., 1997!, improved agreement with structure-predicted chemical shift changes~Ottiger et al., 1997!, and closer agreement with crystal structures in cases where these are available~Clore et al., 1999!. Residual dipolar couplings result from the weak alignment with the magnetic field of a protein dissolved in an aqueous, dilute liquid crystalline~LC! medium. Such LC media consist of large, magnetically oriented particles Tjandra & Bax, 1997a !. Dipolar couplings are a function of the orientation of the internuclear vector relative to the molecular alignment tensor, and hence, provide structural information that is distinctly different from other NMR data such as nuclear Overhauser effects~NOEs!, coupling constants, or chemical shifts.
A single alignment tensor restricts the internuclear vector orientation to one of two cones that are related by inversion symmetry. This degeneracy can be greatly reduced by measuring dipolar couplings for a second alignment tensor orientation~Ramirez & Bax, 1998!. With two independent alignment tensors, the number of possible internuclear orientations are limited to the points where the corresponding cones intersect. The most commonly used LC media in biomolecular NMR are either planar phospholipid micelle disks, commonly known as bicelles~Sanders & Schwonek, 1992; Tjandra & Bax, 1997a; Vold et al., 1997!, and filamentous phage~Clore et al., 1998b; Hansen et al., 1998 !. In the medium containing nearly neutral bicelles, protein alignment is dominated by steric interactions. Instead, in the strongly negatively charged filamentous phage medium electrostatic interactions frequently dominate~Zweckstetter & Bax, 2000!. Consequently, proteins will align differently in bicelle and phage LC media, yielding independent alignment tensors~Clore et al., 1998b!. The DinI structure was calculated from these combined sets of dipolar couplings, measured in bicelle and phage media, supplemented by a moderate number of NOE and J-coupling derived torsion angle restraints.
Results and discussion
The structure of DinI was determined from heteronuclear multidimensional NMR data acquired from uniformly labeled 15 N and 13 C0
15 N samples. At 1 mM, the average backbone amide 15 N transverse relaxation time T 2 equals ;85 ms, considerably shorter than the ;150 ms expected for a monomeric 9 kD globular protein. Adding salt markedly decreases t C , which is further reduced by decreasing the protein concentration. As a compromise, all experiments were performed at 0.6 mM DinI and 100 mM NaCl T 2 ϭ ;130 ms!, unless specified otherwise. A sample at pH 6.6 and a temperature of 25 8C yielded the best dispersion and most uniform peak intensity in the 15 A total of 1,786 experimental NMR restraints were used in a simulated annealing algorithm to determine the 3D structure of 13 C a -$ 1 H a % doublets in the isotropic~left!, bicelle-aligned~center! and phage-aligned~right! 3D constant-time~HA!CA-CO!NH spectra for residues A17-A22. These residues form the beginning of DinI's first a-helix, and the residual dipolar couplings exhibit the periodicity characteristic of a regular a-helix. J NCg for all the Ile, Thr, Val, and aromatic residues to ensure selection of the correct side-chain conformation. These experiments are relatively rapid and are also straightforward to interpret. Unique x 1 angles were found for all residues, except T6, Y31, H39, and V79, which exhibit J C9Cg values for F33 could not be determined because it is followed by a Pro residue, but its very small 3 J NCg coupling rules out a x 1 ϭ 1808 rotamer. A superposition of the 15 final simulated annealing structures is shown in Figure 4 . Although the precision of the backbone is very high~root-mean-square deviation~RMSD! ϭ 0.17 Å!, the RMSD is considerably higher when all non-H atoms are included~0.84 Å!. It is well known that the precision at which an NMR structure is determined frequently is considerably higher than its accuracy. However, we believe the quality of the DinI structure to be quite good as it yields favorable scores when cross-validated using Q-factor analysis~see below!. Moreover, when evaluated by the program PROCHECK~Laskowski et al., 1993!, the overall quality indicators also score relatively high. For example, even if the potential for driving backbone torsion angles to the regions most populated in the Protein Data Bank~PDB!~Kuszewski et al., 1997! is turned off, about 90% of the residues have backbone torsion angles in the most favored region of the Ramachandran map, with no residues in the generously allowed or disallowed regions. Table 1 provides a summary of the structural statistics.
Description of the structure
DinI possesses an a-b fold~Fig. 5!, where two a-helices~residues 17-32 and 57-78! pack against a three-stranded b-sheet~residues 1-8, 40-44, 48-53!. The b-sheet is unusual in that the central, N-terminal strand is flanked by both an antiparallel and a parallel strand, and is remarkably flat. The central, N-terminal strand is connected to the first a-helix via a segment that contains the sequence SPLP. The number of dipolar restraints per residue in this region is much smaller because most of the backbone dipolar coupling measurements rely on detection of the H N signal, which is absent for Pro residues. Therefore, more careful analysis of NOEs in this region was essential for ensuring the correct local geometry in this region. Strong H iϪ1 a Ϫ Pro i -H d NOEs for all three prolyl residues in DinI indicated trans peptide bonds. This information can be difficult to extract unambiguously from dipolar restraints, particularly in view of the fact that the number of measurable backbone dipolar couplings for Pro residues is much reduced.
Strand b1 is followed by a long a-helix~A17-A32! that is capped by F33. Most of the F33 phenyl ring is exposed to solvent, although it also shows some long-range NOEs to residues such as M1 and I63. The connection between this a-helix and strand b2 V40-Y44! is well defined, with no evidence of conformational exchange contributions. The outside strands of the three-stranded b-sheet are connected by a three-alanine linker, A45-A46-A47. The amide of A46 is not observable in the 15 N-1 H HSQC spectrum as a result of conformational exchange. The third b-strand~N48-I53! is well-defined and rigid, and is connected to the C-terminal helix~K57-F78! by a short three-residue sequence: G54-A55-T56. The amide of G54 is not observed in the 15 N-1 H HSQC spectrum, also as a result of conformational exchange.
The C-terminal a-helix displays a pronounced kink of ;708 at residues E72-S73-A74, which is the position where it crosses over D C9HN dipolar coupling restraints. These force constants were divided by two for dipolar coupling restraints measured in phage, to account for the stronger alignment.
b None of the structures exhibited interproton distance violations greater than 0.5 Å or dihedral angle violations greater than 58. Torsion angle restraints included 76 f, 51 c, and 21 x 1 angles.
c The Lennard-Jones van der Waals energy was calculated with the CHARMM PARAM 19020 parameters and was not included in the simulated annealing target function.
d Defined as the average RMS difference~residues 2-78! between the final 15 simulated annealing structures and the mean coordinates.
e Eighty-nine percent for a separate series of calculations without inclusion of the Ramachandran term in the structure calculation. There were no f0c angles in the generously allowed or disallowed region of the Ramachandran plot. Map of the electrostatic surface potential. The electrostatic potential is colored from red~negative charge! to blue~positive charge!. These figures were generated using the programs MOLMOL~Koradi et al., 1996! and GRASP~Nicholls et al., 1991!. residues A17, A20, and L21 in the first a-helix confirm the orientation of this helical section. . The dipolar couplings tightly define the orientation of the C-terminal helical segment residues 74-78!, however. No long-range NOEs are observed for the V79 methyl groups, in agreement with its x 1 averaging noted above, and the backbone 15 N T 2 of the C-terminal residues S80 and E81 indicates extensive internal dynamics for these terminal two residues.
Similarity to other structures
Using the DALI program~Holm & Sander, 1993!, we searched the PDB for proteins with folds similar to DinI. High similarity scores were found for segments of only two proteins:~1! residues P1-L102 of 5 carboxymethyl hydroxy muconate isomerase~1otg, Z ϭ 5.3, RMSD ϭ 2.6 Å, 6% identity!~Subramanya et al., 1996!. However, compared to DinI, the order of the strand and helical segments is not identical.~2! The P2-S98 region of the cytokine d-dopachrome tautomerase~1dpt, Z ϭ 5.0, RMSD ϭ 2.8 Å, 17% identity!~Sugimoto et al., 1999!. In contrast to DinI, neither protein is active in any processes involving DNA metabolism. Their remote structural similarity to DinI therefore is believed to be coincidental.
Interaction between DinI and the liquid crystal
Significant changes in the 1 H-15 N HSQC spectrum were observed between samples without and with bicelles. In fact, several resonances sharpened in the presence of bicelles~e.g., A15, L67, T70, and E72! but there was no evidence of a second set of resonances nor that the protein had denatured. To the contrary, the secondary C a shifts of the protein in the bicelle medium indicated that the protein is slightly more structured, i.e., 13 C a chemical shifts for several a-helical residues~A17, A20, Q68, and A74! shifted further downfield, and small upfield shifts were observed for several b-sheet 13 C a resonances~T6, R43, and N48!. The largest chemical shift changes occur for residues L67-D75 that include the kink in the C-terminal a-helix. This suggests that these chemical shift changes are caused by DHPC binding to DinI. This was confirmed by titrating a DinI sample with DHPC. At a DHPC concentration of 4 mM, the 15 N-HSQC spectrum was superimposable with the 15 N-HSQC spectrum recorded in the aligned bicelle medium. Interestingly, this concentration provides yet another, independent measure for the concentration of free DHPC in a bicelle LC solution, previously inferred from very different types of data~Ottiger Struppe & Vold, 1998 !. The DHPC titration experiments indicated a very weak K d of ;2 mM. Titration of CT 13 C-HSQC spectra with DHPC allowed mapping of the resonances previously assigned in the bicelle-free medium. The assignment of the N and H N resonances in the aligned state was also confirmed by the C a and C9 chemical shifts, measured in the 3D 1 Hcoupled~F1!~H!CA~CO!NH and 3D
13 C a -coupled~F1! HNCO experiments, respectively, which were needed for deriving the D CaHa and D C9Ca couplings. Although small changes in chemical shifts were evident for a number of these resonances, C a and C9 resonances generally were much less affected than amide resonances.
The residues of DinI most affected by the presence of DHPC were delineated by calculating the average chemical shift change that occurred in the presence of 10 mM DHPC~Fig. 6!. The structure of DinI indicates the presence of two primarily hydrophobic pockets where DHPC may bind. The indole ring of W71 acts a barrier, separating the two pockets; L13, L21, W77, and F78 line the inside of one of the pockets, while V5, I7, L50, and L67 line the other one. Weak NOEs between DHPC and side chains of L13, I18, L21, W71, and W77 of DinI are present in NOE spectroscopy~NOESY! spectra, recorded in the presence of 10 mM DHPC. The low intensity of the intermolecular NOEs and the weak binding constant suggest that binding of DHPC to DinI is 
0N #
102 , where the summation extends over all N nuclei i for which shifts were measured in a given residue, and 15 N and 13 C Dd i were scaled down by factors of 5 and 2, respectively, prior to calculating D C9HN couplings in the phage medium. At Pf1 concentrations below 8 mg0mL and using 150 mM NaCl, phase separation occurs over a period of several days, which disappears upon thorough mixing. So, in the presence of 150 mM NaCl, a phage concentration of 8 mg0mL is near the lower limit where a stable, aligned phase can be maintained. The electrostatic nature of DinI alignment by Pf1 phage was confirmed by titrating a 12 mg0mL Pf1 sample containing 0.6 mM DinI with NaCl. The degree of DinI alignment decreases ;30% when increasing @NaCl# from 150 to 375 mM.
The structure calculated using only the bicelle dipolar couplings is found to be in very good agreement with the dipolar couplings measured in the phage medium. Figure 7 shows a correlation between the 1 D CaHa couplings measured in phage and those best fitted to the structure calculated using bicelle dipolar couplings, in addition to the NOE and torsion restraints. The high correlation coefficient~R ϭ 0.97! and the absence of any areas in the protein with more pronounced differences between predicted and observed dipolar couplings confirm that DHPC binding does not significantly alter the DinI structure. Conversely, these data indicate that DinI's electrostatic interaction with the phage does not distort its structure.
Structure validation
The quality of the DinI NMR structure can be assessed by a quality or Q-factor based on residual dipolar couplings~Cornilescu et al., 1998; Clore & Garrett, 1999; Drohat et al., 1999 !. The Q-factor, a measure of the agreement between dipolar couplings predicted by the NMR structure and the measured dipolar couplings, is defined as~Cornilescu et al., 1998; Drohat et al., 1999! Q ϭ rms~D meas Ϫ D pred !0rms~D meas !.
The Q-factor is somewhat analogous to the crystallographic free R-factor~Brünger, 1992!. Cross-validation using residual dipolar coupling Q-factors was done as follows: A subset of residual dipolar couplings either in the same class~e.g.,
1
D NH ! or a mixture from the various classes is chosen randomly. This subset is generally ;10% of the total number of observed residual dipolar couplings. If for a selected coupling both phage and bicelle values are available, the subset includes both entries. Structures are calculated with all the experimental restraints, but excluding the dipolar restraints of the subset. From the resulting structures, dipolar couplings are predicted for those in the subset. The average Q-factor for the DinI NMR structure, calculated from five different randomly selected subsets of residual dipolar couplings, is 18%. This is slightly better than, for example, the agreement between the 1.8 Å X-ray crystal structure of ubiquitin~Vijay-Kumar et al., 1987! and its dipolar couplings~Ottiger & Bax, 1998b!, but not as high as what can be obtained by exhaustive analysis of all NOEs, side-chain dipolar and J couplings~J.L. Marquardt, unpubl. obs.!. Interestingly, the Q-factor increases several percent when the term driving backbone angles to the most populated regions of the Ramachandran map~Kuszewski et al., 1997! is excluded from the X-PLOR target function, indicating that this term actually improves the quality of the structure, and is not merely cosmetic.
Interaction with RecA
The DinI-RecA interaction inhibits the recombinase and coprotease activities of RecA, resulting in the termination of recombinational DNA repair and translesion DNA replication by the SOS response. DinI was shown to be a downregulator of the SOS response, preventing the ssDNA-RecA cofilament's promotion of the autocleavage of LexA and UmuD~Yasuda et al., 1998!. Recent biochemical studies indicate that DinI can displace ssDNA from RecA~O.N. Voloshin, B.E. Ramirez, A. Bax, & R.D. CameriniOtero, in prep.!. Examination of the electrostatic potential surface of DinI indicates the presence of an extended, negatively charged ridge that is formed by residues located in the C-terminal helix of DinI, specifically: E65, E69, E72, D75, and D76~Fig. 5B!. The distribution of negative charges on this helix resembles the arrangement of negative charges in a single strand of DNA. We propose that the C-terminal helix of DinI is designed to mimic the phosphodiester backbone of DNA, allowing DinI to compete with ssDNA for the RecA binding site. The absence of a structure of DinI complexed to RecA precludes a direct assessment of the functional significance of the kink in the C-terminal helix in the proposed binding model. However, because the spatial arrangement of the negative charges along this ridge is influenced by this kink, we expect it to be an essential feature for enhancing the complementarity between DinI and RecA. Moreover, mutagenesis data confirm the importance of E72, located in the kink, for DinI's ability to inactivate RecA in vivo~O.N. Voloshin, unpubl. obs.!.
Conclusions
The structure of DinI in combination with numerous biochemical experiments~O.N. Voloshin, B.E. Ramirez, A. Bax, & R.D. Camerini-Otero, in prep.! suggests that regulation of RecA by DinI occurs through the ability of DinI to compete with ssDNA for RecA binding. The importance of the C-terminal helix of DinI in this process is highlighted by experiments that show that this helix alone is able to compete with ssDNA for binding to a peptide fragment derived from the ssDNA-binding L2 loop of RecA~O.N. Voloshin, B.E. Ramirez, A. Bax, & R.D. Camerini-Otero, in prep.!. The distribution of negative charges on the surface of DinI's C-terminal kinked helix mimics the electrostatic character of a ssDNA phosphodiester backbone. We, therefore, believe that this distribution of negative charge is the primary factor that causes DinI to compete with ssDNA for the binding site on RecA. Thus, DinI appears to be yet another example of a protein that acts by mimicry of DNA. In a recent report, Liu et al. found that dTAF~II!230 can bind to TATA-box binding protein~TBP! through a surface area that mimics the widened major groove of the TATAbox found in the TBP-DNA complex~Liu et al., 1998!. In another example, Selmer et al. report on a protein that mimics tRNA~Selmer et al., 1999!. In both these cases, the similarity lies more in the shape than in the electrostatic properties, however. Because RecA interacts primarily with the backbone phosphate groups of DNA, the charge distribution of DinI is the primary feature that enables it to mimic DNA.
Very few homologs of DinI have been identified so far, and none have been reported in eukaryotes. However, it is conceivable that the type of charge mimicry found in DinI also occurs in other proteins that regulate activities of nonspecific nucleic acid binding proteins, both in prokaryotes and in eukaryotes.
Materials and methods

Sample preparation
The DNA encoding DinI was cloned into the pET21a vector using standard molecular biology techniques. The protein was expressed from the pET21a construct in the E. coli BL21~DE3! strain. Starting from a single colony taken from a freshly streaked agar plate, a 25 mL minimal medium starter culture containing 15 N-NH 4 Cl and 13 C-glucose as the sole sources of nitrogen and carbon, respectively, was grown until it appeared slightly turbid~OD 600 ; 1.0!, and then refrigerated overnight. The following day a 500 mL minimal medium containing 15 N-NH 4 Cl and 13 C-glucose culture was inoculated with 5 mL of the starter culture. The culture was grown at 37 8C to an OD 600 of ;0.8, at which point protein expression was induced with 1 mM IPTG. The cells were harvested after 4 h. Details regarding the purification procedure are described elsewhere~O.N. Voloshin, B.E. Ramirez, A. Bax, & R.D. CameriniOtero, in prep.! . Samples for NMR consisted of 0.6 mM DinI, 20 mM phosphate, 100 mM NaCl, 0.1% azide, and pH 6.6~95% H 2 O05% D 2 O or 99.9% D 2 O!, in a 250 mL Shigemi microcell.
NMR spectroscopy
All NMR experiments were performed at 25 8C, except where indicated. Data were collected on Bruker DMX500, DMX600, and DRX800 spectrometers equipped with self-shielded three-axis gradient, triple-resonance probes. All NMR data were processed with the NMRPipe package and analyzed with NMRDraw~Delaglio et al., 1995! and PIPP~Garrett et al., 1991 15 N-separated NOE~100 ms mixing time! and a 3D constant-time~CT! 13 C-separated NOE~CT ϭ 28 ms; mixing time ϭ 100 ms! experiment. Interproton distance restraints involving aromatic protons were obtained from the 2D homonuclear NOESY spectrum, recorded at 800 MHz.
Residual dipolar couplings were obtained from the difference in J splittings measured in spectra of aligned and isotropic~in water at 25 8C! samples. Both bicelle and filamentous phage were used as alignment media. The bicelle medium contained 50 mg0mL lipids in the molar ratio of DTPC:DHPC:CTAB ϭ 30:10:1~DTPC ditridecanoylphosphocholine; DHPC, dihexanoylphosphocholine; CTAB, cetyltrimethylammonium bromide!. All NMR experiments on the bicelle sample were recorded at 28 8C because 25 8C was found to be too close to the temperature where the liquid crystal is no longer stable. The phage LC sample contained 8 mg0mL Pf1 phage. All NMR experiments on the phage LC sample were also recorded at 28 8C to slightly reduce the degree of alignment and improve protein linewidth. 
Structure calculations
Distance calibration of the interproton distance constraints obtained from the 3D 15 N-separated NOESY experiment was done as follows: All non-Gly residues in the allowed negative f region
Solution structure of DinI have H iϪ1
N -H i a distances of 2.9 6 0.2 Å. Other interproton distances were scaled relative to this average 2.9 Å distance using an empirical 10r 4 dependence of the intensity, which in a very approximate manner accounts for the effects of spin diffusion~Güntert et al., 1991!. Distance ranges were set to 625% of the target distance, except for degenerate peaks. For degenerate peaks, no lower distance bound was used, and 10r
6 averaging was employed in simulated annealing calculations~Clore et al., 1986!. Distance calibration of the interproton distance restraints obtained from the 3D 13 C-separated NOESY-CT-HSQC experiment was done as follows: For NOEs to methyl groups~detected during t 3 !, the average NOE intensity from the adjacent vicinal methine proton to the methyl group in Ile, Thr, Ala, and Val residues was used as a reference @~͚ i r i Ϫ6 ) Ϫ106 ϭ 2.1 Å#. For nonmethyl 1 H signals, the average intraresidue H N H a cross peak to diagonal peak intensity ratio is used as a 2.9 Å reference distance, again using an empirical 10r 4 distance dependence, and relatively tight 625% tolerances. No lower bound distance was given for degenerate peaks and residues with extensive conformational averaging~as evidenced by very intense 1 H-13 C correlations in the CT-HSQC spectrum!. Interproton distance restraints derived from the 2D homonuclear NOESY experiment were grouped into five overlapping classes 2.0-2.7, 2.3-3.2, 2.7-3.7, 3.0-4.5, and 3.3-5.5 Å, corresponding to very strong, strong, medium, weak, and very weak NOEs, respectively. Degenerate peaks were also classified using these intensity classifications, except no lower distance bound was employed.
Structures were calculated by simulated annealing using the program X-PLOR~Brünger, 1993! adapted to incorporate residual dipolar coupling restraints~Tjandra et al., 1997! and a conformational database~Kuszewski et al., 1997!. The minimized target function comprises harmonic potentials for covalent geometrỹ bonds, angles, and improper torsions! and residual dipolar coupling restraints, quadratic square-well potentials for interproton distance and dihedral angle restraints, and a quartic van der Waals repulsion term for nonbonded contacts. Force constants are listed in the footnote to Table 1 . Initial folds were calculated in Cartesian coordinate space starting from a completely extended structure using only NOE restraints and backbone dihedral angle restraints derived from the program TALOS~Cornilescu et al., 1999!. TA-LOS restraints were available for 60 residues. All 20 residues for which no unambiguous TALOS restraints were obtained fall outside regions of regular secondary structure. Also, x 1 angle restraints were derived for most Val, Ile, Thr, and aromatic residues from 3 J C9Cg and 3 J NCg values. The 10 lowest energy structures were used as input for a second simulated annealing calculation that included residual dipolar coupling restraints measured in the bicelle medium, together with all NOE restraints. TALOS backbone dihedral angle restraints were not used in this second stage. Instead, 42 f dihedral angle restraints were derived from D CaHa measurement, but nevertheless greatly improve convergence during the early stages of the structure calculation. A total of 51 loose c restraints were derived from the corresponding intraresidue and sequential H a -H N NOE intensity ratios. The 10 lowest energy structures from the initial round of calculations were used as starting structures in a final refinement stage that included both the bicelle and phage dipolar restraints, together with NOE and experimental dihedral angle restraints.
Data have been deposited in the PDB~accession number 1F0A!
